Scrapie and cellular PrP isoforms are encoded by the same chromosomal gene
Introduction
Scrapie is a transmissible, slow neurological disease occurring naturally in sheep and goats; it has been experimentally transmitted to other animals, including mice and hamsters (Chandler, 1961; Zlotnik and Rennie, 1965; Marsh and Kimberlin, 1975) . The pathological characteristics of scrapie are neuronal vacuolation, astrocytic gliosis, and amyloid plaques with filaments composed of PrP molecules (Zlotnik, 1962; Mackenzie, 1983; Prusiner et al., 1983; Bendheim et al., 1984; DeArmond et al., 1985) .
Scrapie is of special interest not only because of its similarity to several lethal degenerative disorders in humans, such as Creutzfeldt-Jakob disease and kuru (Gajdusek, 1977) but also because of the enigmatic nature of the infectious agent. The scrapie agent, also designated scrapie prion , is unusually resistant to a variety of treatments known to damage or degrade nucleic acids (Alper et al., 1987; Diener et al., 1982; McKinley et al., 1983) but is susceptible to inactivation by several protein-specific reagents (Prusiner et al., 1981; McKinley et al., 1981) .
Purification of infectious scrapie prions from hamster brain by a procedure involving limited protease digestion results in the enrichment of a single major protein, PrP 27-30 (Bolton et al., 1982 (Bolton et al., , 1984 ; antibodies to PrP revealed the presence of this protein in the amyloid plaques of scrapie-infected brain (Bendheim et al., 1984; DeArmond et al., 1985) . A cDNA corresponding to PrP 27-30 (HaPrPcDNA-1) was cloned using poly(A)+ RNA from scrapie-infected hamster brain and was sequenced (Oesch et al., 1985) . It encoded a protein of at least 240 amino acids; however, it was not established whether this clone comprised the complete amino terminus of the primary translation product. Interestingly, PrP mRNA proved to be the product of a cellular hamster gene and was expressed to the same extent in scrapieinfected and uninfected control animals, not only in brain but in many visceral organs as well (Oesch et al., 1985; Kretzschmar et al., 1986) . Antibodies against PrP 27-30 react with proteins of 33,000 to 35,000 daltons in crude extracts from both normal and scrapie-infected brain, designated PrP 33-35c and PrP 33-35sc, respectively (Meyer et al., 1988; Barry et al., 1986) . Upon limited proteinase K digestion, PrP 33-35sc gives rise to PrP 27-30 in the case of scrapie-infected preparations, while PrP 33-35c in normal brain extracts is completely degraded (Oesch et al., 1985; Meyer et al., 1986; Barry et al., 1986) . Murine PrPspecific cDNA has also been cloned, using poly(A)+ RNA from scrapie-infected mouse brain, and the presence of PrP-related mRNA in normal and infected mouse brain has been demonstrated (Chesebro et al., 1985) .
In order to determine whether the different properties of the isoforms PrP 33-35c and PrP 33-35sc arise from differences in the primary structures of the proteins, we cloned and sequenced the chromosomal PrP gene.
We show that the coding sequence of the gene is uninterrupted, but that the 5' noncoding region contains an intron of 10 kb. The coding sequence extends 32 nucleotides further upstream than previously reported (Oesch et al., 1985) , and it encodes a presumptive signal sequence. The promoter region has no TATA box and contains three repeats of the sequence GCCCCGCCC, as found for several "housekeeping" genes.
Our results suggest that there is only a single PrP gene, and its sequence and organization make it unlikely that the different properties of the PrP isoforms can be explained by alterations in the amino acid sequence; thus, it seems more probable that the isoforms arise from posttranslational modifications or variations in protein conformation.
Results
Isolation of an Almost Full-Length cDNA Clone Poly(A)+ RNA was isolated from scrapie-infected hamster brain 60 days after inoculation. cDNA was prepared essentially as described by Land et al. (1981) and, after size selection (>1.4 kb), was cloned into hgtl0 (Huynh et al., 1984) . Screening of 800,000 clones with the 790 bp 32P-labeled Mstll-Taql fragment (Figure 1 One of them contained a 2.1 kb insert, designated HaPrPcDNA-sll. Its 5' region was sequenced and found to extend 114 nucleotides beyond the Vend of HaPrPcDNA-1 (Figure 1 ). However, as shown below, the 33 nucleotides at the 5' end of the cDNA are the result of a cloning artifact.
Isolation and Sequencing of a Genomic 3 kb EcoRl Fragment High molecular weight DNA from normal hamster was partially cleaved with the endonuclease Mbol. Fragments of 16 to 25 kb were purified from an agarose gel or a sucrose gradient, ligated to XEMBL3 arms (Frischauf et al., 1963) , packaged, and screened with complete, nick translated HaPrPcDNA-1. Two independent libraries of 820,000 and 700,000 clones, respectively, were screened without success. In a library constructed from completely randomly cleaved fragments of mammalian DNA, a unique 20 kb sequence should be present in 700,000 clones at least once with a probability of 0.99 (Clarke and Carbon, 1976) . We concluded that either the partial Mbol digest did not yield a random collection of DNA fragments or that the desired fragment was not clonable in the vector host system used. Southern blot hybridization with labeled HaPrPcDNA-1 had previously revealed a single 3.0 kb EcoRl fragment, suggesting a compact structure of the PrP coding region (Oesch et al., 1985) . In order to clone this fragment, chromosomal EcoRI-digested hamster DNA was size-selected for the range 2.9 to 3.5 kb and cloned into hgtll (Young and Davis, 1983) . Screening of 1.2 x lo6 recombinant phage plaques with nick translated HaPrPcDNA-1 yielded four positive clones. The insert of one of those (SPrP-8) was subcloned into pSP64 (Melton et al., 1984a ) and se- Exons are shown as black boxes. The three genomic clones used to characterize the gene are indicated at the top of the figure. The dashed line represents an uncloned region that was partially mapped by Southern analysis using probe 1. Origins of arrows indicate the restriction sites used for sequencing. The fragments were labeled either by 5' phosphorylation with polynucleotide kinase or by filling up 5' overhanging 3' termini with the Klenow fragment of DNA polymerase (marked by ').
quenced completely by the Maxam and Gilbert method across all the restriction sites that served as origin for the sequencing and mostly on both strands (Figure 2 ). We could not detect any nucleotide differences between the genomic sequence shown in Figure 38 and the colinear HaPrPcDNA-1, confirming the absence of introns in this segment. However, Sl nuclease mapping (see below) and comparison of the genomic sequence with the extended cDNA sequence of HaPrPcDNA-sll revealed a 3' splice site at position 473 ( Figure 38 ). The 5' terminal 72 bp of HaPrPcDNA-sll was not found on the genomic fragment, suggesting that there was at least one other exon upstream of this EcoRl fragment.
Cloning of an Upstream Overlapping 7 kb Hindlll Fragment Southern analysis with agenomic probe (EcoRI-Ncol fragment from SPrP-8) revealed a 7.0 kb Hindlll fragment that overlapped the isolated EcoRl fragment over a 2 kb segment, as shown on the restriction map in Figure 2 . Hindllldigested hamster DNA was size-fractionated on an agarose gel, and the 6.6 to 7.2 kb fraction was used to construct a h1149 (Murray et al., 1977) library. Screening of 600,000 recombinant phages with the labeled genomic EcoRIHindlll fragment yielded 30 positive clones. However, restriction analysis suggested that this cloned genomic fragment did not comprise the upstream exon, as it did not contain the Sacll site present in the cDNA (position 26, Figure 1 ). This conclusion was supported by the negative outcome of a dot blot hybridization with the labeled oligonucleotide I (Figure 1 ) specific for the 5' end of HaPrPcDNA-sll (data not shown).
Cloning of a 5 kb Hindlll Fragment Containing the PrP 5' Exon Southern analysis of Hindlll-cleaved genomic DNA using a 32P-labeled RNA probe (position 1 to 77 of HaPrPcDNA-sll, Figure 1 ; Melton et al., 1984a ) revealed a 5 kb band. Hindlll fragments of 4.3 kb to 5.5 kb were cloned into L1149 as described above. 480,000 plaques were screened with the 5'-32P-labeled 50-residue oligonucleotide I complementary to the 5' end of HaPrPcDNA-sll (Figure 1 ). Five positive isolates were plaque-purified, and the insert of one of them (x1149-7A) was subcloned into pSP64. The region around the two Sacll sites (between the Xbal and the EcoRl site) was sequenced (Figure 2 and Figure 3A ) and was found to contain residues 34 to 72 of HaPrPcDNA-sll. For reasons set forth in the Discussion, we believe that the arrangement of residues 1 to 33 of HaPrPcDNA-sll is due to a cloning artifact. The 5' end of the intron is at position 4101411 of the 5 kb Hindlll fragment (SPrP-7.1), because the sequence 5' to this position is identical with that of the HaPrPcDNA-sll sequence upstream of position 72 (exonlintron boundary). The sequences spanning the 5' splice site (CAG/GTAAGC) and the 3'splice site (CCTTGTTCTTCATTTTGCAG/AT) of the intron (Figure 3 ) are in good agreement with the consensus sequences established for 5' and 3' splice junctions, respectively (Mount, 1982) .
In order to assess the length of the intro% we searched, by Southern analysis, for single restriction fragments that comprised the 3' end of the 5 kb Hindlll fragment (SPrP-7.1) that contains the first exon, and the 5' end of the 7 kb Hindlll fragment (SPrP-3) that encompasses the second exon (Figure 2 ). The labeled RNA probes used were a 0.3 kb transcript of the 3' end of the 5 kb Hindlll fragment (probe 1: EcoRI-Hindlll, Figure 2 ) and a 0.9 kb transcript of the 5' end of the 7 kb Hindlll fragment (probe 2: HindIll-Sacl). As shown in Figure 4 (Gel A), a 6.0 kb Sacl and a >30 kb Sacll fragment hybridized with probe 1. When probe 2 was hybridized to the same gel containing the Sacl-and Sacll-cleaved DNA, bands appeared at the same positions as with probe 1 (Figure 4 , Gel A'). Therefore, the distance between the Sacl site of the 5 kb Hindlll and the most 5'Sacl site of the 7 kb Hindlll fragment is 6 kb, which means that a 3.9 kb segment is interposed between the two cloned Hindlll fragments. The length of the intron is therefore 10 kb. Additional bands were detected with probe 1: a 4.1 kb and a 3.1 kb band after cleavage with EcoRl and BamHI, respectively, which allow the localization of two restriction sites in the uncloned segment ( Figure 2 ).
No Evidence for Chromosomal PrP
Gene Rearrangements A comparison of Southern blots of DNA from normal and scrapie-infected brain using as a probe HaPrPcDNA-1 (which comprises the entire 3' noncoding region and all of the coding region except for 110 nucleotides at the 5' end) had revealed no differences in the cleavage patterns (Oesch et al., 1985) . To examine the 5' region of the gene for chromosomal rearrangements, we have now used as a probe the 2 kb BamHI-Hindlll fragment of SPrP-7.1, which comprises the 5' exon, 1.3 kb of the 5'.flanking region and part of the intron ( Figure 5 ). This probe revealed two fragments in a Sacl digest ( Figure 5A , lanes a and b), the 6.0 kb fragment mentioned above and a 15 kb fragment that extends upstream. Bgll generated a single 19 kb fragment ( Figure 5A , lanes e and f). The ends of the Bgll fragment are defined by the double-digest presented in lanes c and d of Figure 5A . The 6.0 kb Sacl fragment was reduced to 4.3 kb, which locates the 3' Bgll site in the uncloned region of the intron and the 5'Bgll site approximately 15 kb upstream of exon 1. The normal and scrapie DNAs gave the same hybridization pattern in all three digests. Thus we have been unable to detect genomic rearrangements within a 21 kb region around the 5' end of the hamster PrP gene. Similarly, an intronspecific hybridization probe, the upstream Hindlll-BamHI fragment of SPrP-3, applied to blots of Bgll, Hpal, and Xbal digests of normal and scrapie DNA, has failed to reveal genomic rearrangements (data not shown).
Mapping the 5' End of PrP mRNA To determine the 5'end of PrP mRNA, an Sl nuclease protection experiment was performed with the single-stranded 5'-32P-labeled probe indicated in Figure 6 , using poly(A)+ RNA of infected hamster brain. The protected DNA fragments ( Figure 6A ) were heterogeneous in size. The most abundant 5' ends mapped to positions 331,333,334,342, and 351 ( Figure 3A ). The 5' end of the longest fragment observed mapped to position 330. As Sl mapping identifies not only 5'ends of RNA but also mismatches between the RNA and the probe, primer extension was carried out in parallel to the Sl analysis, with a 35 nucleotide primer labeled at the same site as the Sl probe. Primer extension identifies 5'ends of RNA or stop sites for reverse transcriptase, due, for example, to secondary structure of the RNA. The Sl and reverse transcriptase products were run on the same gel. The ends of the major primer elongation products mapped to positions 331, 334, and 342, that is, as in the Sl analysis. Some of the less abundant 5' ends gave rise to bands of different relative intensities in the two experiments. These differences may be due to unequal sensitivity of the ends to Sl nuclease or preferential termination by reverse transcriptase. However, the overall band pattern was the same with both methods, suggesting strongly that authentic 5' termini of the RNA had been mapped.
In Vitro Transcription from the PrP Gene Although 5' ends are indicative of transcriptional starts, they may also come about by enzymatic cleavage. fore, SPrP-7.1 DNA was tested as template for in vitro tranfrom hamster brain. To examine the relative strength of the scription, using a HeLa cell nuclear extract (Dignam et al., PrP gene promoter, the Adeno major late promoter was 1963). The resulting RNA was analyzed by the Sl nuclease transcribed in parallel under the same conditions. Sl protection assay with the same probe indicated in Figure  mapping of the transcripts indicate that the Adeno major 6. The protected fragments (Figure 68) show the same late promoter is approximately lo-fold stronger than the heterogeneity of transcription initiation sites as the RNA PrP promoter (data not shown). Figure 7 . The first cDNA strand could form a loop (Rougeon and Mach, 1976; Lapeyre and Amalric, 1985) , with the 3' terminal segment (positions 344-355) base-paired to the downstream region (positions 382-374). Secondstrand synthesis followed by nicking of the first strand would lead to elongation at the 3'end of the nick and opening of the loop, and would give rise to the observed inversion. Similar sequence rearrangements have been reported for cDNA clones of human fibroblast interferon mRNA (Volckaert et al., 1981) and for influenza virus cDNA (Fields and Winter, 1981) . a stretch of about 25 nucleotides; in vitro transcription of the cloned DNA fragment encompassing the putative promoter and the 5' exon gave rise to products whose 5' termini mapped in the same region as those of the natural PrP mRNA. We conclude that clone SPrP-7.1 contains the PrP promoter and that transcription starts at multiple sites 55 to 80 nucleotides upstream of the 5'splice site ( Figure 3A) .
The region upstream of the multiple initiation sites is very GC-rich and does not contain a TATA box. Several sequences resembling the CAAT box consensus sequence GG(C/T)CAATCT (Benoist et al., 1980) are present (underlined in Figure 3A) ; the one at position 261 (GGCCATTGG; 70-95 bp upstream from the putative cap sites) is identical over 9 nucleotides with a sequence at position -69 of the human Cu/Zn superoxide dismutase (Levanon et al., 1985) . A 9 bp sequence, GCCCCGCCC, is repeated three times at positions 284,304, and 334 within the 5'-flanking region of the PrP gene. Since the most upstream transcription initiation site maps to position 330, one of the repeats must be copied into the longest transcripts. Identical and similar GC boxes were first found in the SV40 early promoter region (Fromm and Berg, 1982) and in the thymidine kinase gene of herpes simplex virus (McKnight and Kingsbury, 1982) . Many so-called "housekeeping" genes, that is, genes whose activity is required in all cells and are not subject to environmental control contain GC boxes and lack a TATA box: the adenosine deaminase gene (Valerio et al., 1985) , the hypoxanthine phosphoribosyl transferase gene (Pate1 et al., 1986; Melton et al., 1984b) , the dihydrofolate reductase (DHFR) gene (Masters and Attardi, 1985; Crouse et al., 1982; Mitchell et al., 1986 ) the hydroxymethyl glutaryl CoA reductase gene (Reynolds et al., 1984) , as well as the Ul RNA genes (Roebuck and Stumph, 1985) . Dynan and Tjian (1983) have identified a promoterspecific factor, designated Spl, which binds to the socalled "21 bp repeats" of the SV40 virus early promoter. This region contains six copies of the sequence CCGCCC and represents an important component of this promoter (Barrera-Saldana et al., 1985) . Spl also recognizes a GCrich sequence (GGGGCGG(G/A)GC) that occurs four times in the mouse DHFR promoter (Dynan et al., 1986) . These GC decanucleotides show a perfect homology to the three 9 bp repeats of the PrP gene, except that they are found in an inverted orientation. Kadonaga et al. (1986) deduced a consensus Spl binding sequence from a comparison of several viral and cellular promoters:
The PrP GC boxes match in one case with 10 and in the other two cases with 9 out of 10 bp to the inverted consensus sequence. Studies on the two distal transcription signals of the herpes virus t/r gene (CCGCCC and GGGCGG) have shown not only their importance for promoter activity but also that they can function in either orientation (McKnight et al., 1984) . Similarly, the GC boxes of the SV40 promoter and the DHFR promoter (Mitchell et al., 1986 ) activate transcription in both directions. The occurrence of multiple starts in the case of promoters lacking a TATA box has been described for a number of mRNAs, in particular SV40 late RNAs (Ghosh et al., 1978) and messengers for the 3-hydroxy-3-methylglutaryl coenzyme A reductase (Reynolds et al., 1985) , Thy-l membrane glycoprotein (Gig&e et al., 1985) , adenosine deaminase (Valerio et al., 1985) , epidermal growth factor receptor (Ishii et al., 1985b) , and c-Ha-ras proto-oncogene (Ishii et al., 1985a) .
In summary, the PrP gene shows many typical features of a "housekeeping" gene, in keeping with its ubiquitous expression (Oesch et al., 1985; Chesebro et al., 1985; Kretzschmar et al., 1986) .
Identification of the Protein-Coding Region The analysis described above suggests that PrP mRNA is initiated at various positions between 56 and 80 nucleotides upstream of the 5' splice site. The polyadenylation site was determined to be at position 2433 (Figure 38 ) by comparing the genomic with the HaPrPcDNA-1 sequence (Oesch et al., 1985) . The sequence TATAAA at positions 2412 and 2423 (Figure 38 ) resembles the consensus sequence AATAAA that precedes the polyadenylation site of most eukaryotic mRNAs by 11 to 30 residues and likely represents the polyadenylation signal of the PrP gene. Deviations from the consensus sequence have been described for the chick a-actin gene (ATTAAA; Fornwald et al., 1982) the Ha-ras oncogene (AGTAAA; Capon et al., 1983 ) the mouse a-amylase gene (AATAAA and AATATA; Tosi et al., 1961) , or the hepatitis B surface antigen gene (TATAAA; Simonsen and Levinson, 1983) . The hepatitis B gene uses a signal identical with that proposed for the PrP gene.
PrP mRNA is thus derived from the 58 to 80 nucleotide 5' exon (position 330 to 410, Figure 3A ) and the 1960 nucleotides 3' exon (position 474 to 2433, Figure 38 ). The overall length of 2000 to 2042 nucleotides for the heteropolymeric part of the sequence is consistent with the length of 2.1 kb estimated from Northern blots (Oesch et al., 1985) .
The reading frame determined for PrP by Oesch et al. (1985) is uninterrupted between the multiple initiation sites and the first TGA at position 1246 of the genomic sequence (Figure 38 ). The first in-frame ATG codon is found at position 484 (Figure 38 ) a few nucleotides downstream of the intron/exon junction and 42 nucleotides upstream of the 5'proximal ATG in HaPrPcDNA-1 (Oesch et al., 1985) . We believe that the first ATG triplet (position 484 in Figure  38 ) corresponds to the initiation codon, because as a rule the most upstream ATG within a reading frame is used for initiation (Kozak, 1984a) and because the flanking positions (CCATCABG) conform to the consensus sequence (CCACCmG) described for eukaryotic initiation sites (Kozak, 1984a (Kozak, , 1984b . The first in-frame stop codon upstream of the ATG triplet is at position 325 ( Figure 3A ), 4 residues upstream of the most 5' transcription initiation site observed.
The PrP gene therefore has an unusual structure; the noninterrupted coding region is separated from a noncoding short 5' exon by an intron of 10 kb.
Structure of the PrP Precursor Protein as Deduced from the Nucleotide Sequence
The protein encoded by the 3' exon from positions 484 to 1244 comprises 254 amino acids and has a calculated molecular weight of 27,921. The deduced amino acid composition is given in Table 1 . The calculated isoelectric point is 9.4. Deglycosylated PrP 27-30 has an isoelectric point of 9-9.2 (T Haraguchi and S. B. Prusiner, unpublished) .
A stretch of hydrophobic amino acids near the N-terminus suggests the presence of a signal peptide. Three structurally dissimilar regions that are typical for signal peptides can be recognized (von Heijne, 1985; Perlman and Halvorson, 1983) : the often positively charged N-terminal region of variable length (amino acids l-6), a central hydrophobic region (h-region, amino acids 7-17) and the C-terminal region of 5 amino acids that precedes the cleavage site for the signal peptide. At the h/c boundary there is usually a charged amino acid, and the beginning of the mature protein is also predominantly marked by a polar residue. Therefore cleavage presumably occurs at position 22/23. In vitro translation of synthetic PrP RNA yielded a protein of M, *28,000, in good agreement with the calculated molecular weight noted above for the PrP precursor. Addition of dog pancreas microsomes in the in vitro translation system resulted in the appearance of two more PrP-related proteins: one of M, ~25,000 presumably results from cleavage of the N-terminal 22 amino acid signal peptide, and the other of M, m32,OOO may be a glycosylated form of Prf? In the absence of the first 14 amino acids, membrane insertion does not take place (B. Hay, S. B. Prusiner, and V Lingappa, unpublished). These findings support our suggestion that the PrP precursor molecule contains a membrane insertion signal peptide.
Relationship of the Predicted PrP Precursor to PrP Molecules found In Vivo
PrP 33-35C has a M, of 33,000-35,000 by SDS PAGE and a M, of -25,000 after chemical deglycosylation. The difference in molecular weight between the predicted PrP precursor (27,921) and the deglycosylated PrP is close to that predicted for the putative 22 amino acid N-terminal signal peptide (2,500 daltons). These findings are in good agreement with those described above for in vitro translation of synthetic PrP RNA.
Digestion of PrP 33-35* with proteinase K yields the protease-resistant core protein PrP 27-30 (Oesch et al., 1985; Meyer et al., 1986; Barry et al., 1986) , which has lost about 67 amino acids (residues 23-89) from its N-terminus. A monospecific antiserum raised against a synthetic peptide corresponding to amino acids 220 through 233 has recently been shown to react with the PrP 33-35 isoforms as well as with PrP 27-30, indicating that at most 25 amino acids are removed from the C-terminus during proteinase K digestion (R. Barry and S. 6. Prusiner, unpublished) . These results are consistent with the earlier suggestion, based on amino acid composition data, that the C-terminus of PrP 27-30 was around amino acid residue 235 (Oesch et al., 1985) . Furthermore, chemical deglycosylation of PrP 27-30 with either HF or trifluoromethanesulfonic acid yields a protein with an apparent molecular weight of about 20,000, as judged by its migration in polyacrylamide gels (T. Haraguchi, R. Barry, and S. B. Prusiner, unpublished) .
Posttranslational
Modifications May Explain the Differences between the Scrapie and Cellular PrP lsoforms The brains of normal, uninfected animals contain only the PrP 33-35c isoform, whereas, in brains of infected animals both PrP 33-35c and PrP 33-35sc are found . The propensity of PrP 33-35sc to aggregate into amyloid rods after nondenaturing detergent extraction of membranes allowed its separation from PrP 3335c, which is solubilized under these conditions . Proteinase K digestion completely destroyed PrP 33-35c while digestion of PrP 33-35sc gave rise to PrP 27-30 (Oesch et al., 1985) .
The different properties of the scrapie and cellular PrP isoforms could arise from differences in amino acid sequence, posttranslational modifications, or conformation. Alternative amino acid sequences could result from the proteins being encoded by two similar but not identical genes, by rearrangement of the PrP gene, or by alternative splicing of the PrP mRNA.
Several findings argue in favor of the assumption that PrP 33-35c and PrP 33-35sc have the same primary sequence and that their different properties are due to posttranslational modifications. First, PrP 33-35c and PrP 33-3@ have the same mobility on SDS PAGE (Oesch et al., 1985; Barry et al., 1986) . Second, both forms of PrP 33-35 show the same reactivity towards polyclonal, affinitypurified antibodies (Oesch et al., 1985) as well as towards three monoclonal antibodies raised against PrP 27-30 and antisera raised against synthetic peptides corresponding to residues 90-102 and 220-233 (Barry et al., 1986; R. Barry and S. B. Prusiner, unpublished) . Third, there exists only one PrP-related gene, and there is no evidence for rearrangement, as judged by Southern analyses with eight restriction enzymes and probes encompassing all regions of the gene. However, if only a small portion of the brain cells contained a rearranged PrP sequence, this would escape detection. Fourth, there is no difference between the protein-encoding sequence of PrP cDNA derived from poly(A)+ RNA from scrapie-infected brain and that of the gene isolated from normal hamster DNA. However, as scrapie-infected brain contains both forms of PrP, there is no assurance that if there were different species of cDNA, the clone isolated would be representative for PrP 33-35sc. Fifth, there is no difference in the Northern analysis of poly(A)+ RNA (Oesch et al., 1985) or in in situ hybridization patterns between normal and scrapieinfected tissue (Kretzschmar et al., 1986) . Finally, the protein-encoding part of the gene is located entirely in one exon, making it unlikely that the structure of PrP is modified as a consequence of alternative splicing. We cannot exclude the possibility of alternative splicing with a hypothetical exon located further upstream, which, if it contained an open reading frame, could modify the coding sequence. However, this possibility appears rather unlikely in view of points one, four, and five.
Since both PrP isoforms are glycosylated, differences in the sequence of sugar residues or their sites of attachment might explain the different properties of the two proteins. Numerous other posttranslational modifications of proteins such as phosphorylation, sulfation, and acetylation, to mention but a few, have been observed. Whether these or other modifications account for the different properties of the PrP isoforms remains uncertain. Finally, PrP 33-35c and PrP 33-35* may be chemically identical but may have different tertiary or quarternary structures.
Experimental Procedures
Isolation of Hamster DNA Golden Syrian hamsters (LVGILAKJ were purchased from Charles River laboratories. Weanling hamsters were inoculated with 10' IDss units and sacrificed 70 days later. DNA from their brains as well as from uninfected controls was isolated by a proteinase K procedure (GrossBellard et al., 1973) as described by Payne et al. (1981) and used for Southern analysis. The genomic library was prepared from liver DNA isolated from an outbred Golden hamster as described by Mantei et al. (1979) . The DNA was >50 kb, as judged by electrophoresis on a 0.4% agarose gel using lambda DNA as a molecular weight standard.
Preparation of Bacteriophage h. DNA The bacterial strains used were E. coli CESPOO (recBC sbcB rk-mk + ) for 1EMBL3, E. coli LE392 (a derivative of ED 8654, Murray et al., 1977) for Igtll, and E. coli C6OO (Appleyard, 1954) for X1149. )IEMBW, 7r1149 and the appropriate hosts were a kind gift of N. Murray. Phage purification and DNA preparation were performed essentially as described by Maniatis et al. (1982) .
Construction
of lEMBL3 Libraries from Partially WoKleaved DNA Chromosomal hamster DNA was partially digested with Mbol and sizefractionated through an agarose gel or a sucrose gradient as described by Maniatis et al. (1962) . IEMBL3 DNA was cut with BamHI, followed by digestion with EcoRl to inactivate the middle fragment (Frischauf et al., 1983) . Ligation products were directly packaged as described by Grosveld et al. (1981) .
Preparation of Libraries from Size-Selected
Genomic Fragments kgtll and 51149 DNA, respectively, were self-ligated overnight at 0.5 pglul and 15OC. After 10 min at 70°C the concatemers were cleaved with EcoRl or Hindlll respectively, purified, and dephosphorylated. Chromosomal hamster DNA(5 ug) was cut with the appropriate restriction enzyme and electrophoresed through an 0.7% LGT-agarose gel. The gel slice corresponding to the appropriate size range cut out, 3 pg vector DNA was added, and the agarose was melted and removed by phenolization. The vector/insert mixture was ligated in a 10 pl reaction overnight at l!YC. One microliter of the ligation mixture was packaged in vitro (Grosveld et al., 1981) and yielded about 2 x lo6 recombinant phages.
Screening the Phage Libraries Phage was grown on LB agar (3 x IO4 pfu per 14 cm plate). Filters for plaque hybridization were prepared as recommended by the manufacturer (Pall Ultrafine Filtration Corporation). Nick translated probes were szP-labeled to 0.8-2 x 10s cpm/ug and oligonucleotides to 10' cpm/pmol. Hybridization was in 5x SET (SET is 0.15 M NaCI; 30 mM Tris-HCI, pH 8; 1 mM EDTA), 0.2% SDS, 200 pglml single-stranded carrier DNA, 5x Denhardt's solution (Denhardt, 1966) at IO6 cpmlml for 16 hr at 65OC for the nick translated probe and at 80°C for the 50 residue oligonucleotide I, respectively. The filters were washed in 1 x SET at the same temperatures and exposed to Fuji RX films at -70°C with intensifier screens.
Preparation of a cDNA Bank Scrapie-infected Golden Syrian hamsters were sacrificed 60 days after inoculation. Brain RNA was isolated as described (Oesch et al., 1985) and the poly(A)+ RNA was purified on oligo(dT) cellulose (Aviv and Leder, 1972) . cDNA was synthesized essentially according to Land et al. (1981) . After methylation with EcoRl methylase and addition of EcoRl linkers (BRL) the double-stranded cDNA was cloned into lgtl0 (Huynh et al., 1985) .
Southern Analysis
Method A: conventional transfer to nitrocellulose filters. Hybridization was performed with a randomly primed radiolabeled probe (Taylor et al., 1976; Payne et al.. 1981) at 42OC in 3x SSC (lx SSC is 0.15 M NaCI, 0.015 M sodium citrate), 30% deionized formamide, 0.05 M Hepes (pH 7.4) 0.1% SDS, 0.1% sodium pyrophosphate, 100 kg/ml salmon sperm DNA, and 200 uglml heparin (Sigma, sodium salt grade II; Singh and Jones, 1984) for 18 hr. The filter was washed in 0.1x SSC, 0.1% SDS at 65OC for 2 hr, dried, and autoradiographed at -70°C using a Dupont Cronex intensifying screen and Kodak XAR-5 film.
Method B: hybridization of DNA immobilized in agarose gels using SP6 transcripts as probes (Purello and Balasz, 1983; Kidd et al., 1963;  as modified by B. Wieringa, personal communication). DNA samples (5 ug) were digested with restriction endonucleases and run through a 0.7% agarose gel. After incubation in 0.4 M NaOH, 0.8 M NaCl at room temperature and neutralization in 0.5 M Tris-HCI (pH 7.5) 1.5 M NaCl at 4OC (30 min each), the gel was dried on a slab gel dryer at 60°C between two sheets of Whatman 3 MM chromatography paper, wetted in water, and the paper was peeled off. The gel was prehybridized at 65OC for 1 to 2 hr in 0.5 M sodium phosphate buffer (pH 7.2) 7% (w/v) SDS (Biorad 101-0301) containing 25 uglml yeast carrier RNA. Hybridization was for 16 hr at 65°C in a fresh batch of the same solution containing l-5 x lo6 cpmlml s*P-labeled SP6 RNA probe (10s cpmlug) prepared as described by Melton et al. (1984a) . The gel was washed several times with decreasing salt concentrations, finally 0.1 M sodium phosphate buffer (pH 7.2) 0.5% SDS, 65OC. After two incubations in RNAase A (5 9glml) in 0.05 M sodium acetate (pH 7) at room temperature for 3 min each, the gel was dried and autoradiographed for 0.5 to 7 days. Before rehybridizing a gel with another probe, it was incubated in the denaturing and neutralizing solutions as described above.
Nucleotide Sequence Determination Restriction fragments were 5'-s*P-labeled with polynucleotide kinase or 3'-32P-labeled with Klenow DNA polymerase, cleaved with an appropriate restriction enzyme, and sequenced by the Maxam and Gilbert (1977) procedure.
Sl Nuclease Analysis and Primer Extension For Sl analysis the Taql fragment ( Figure 3A , positions 4 to 385) was 5'-32P-labeled to 6 x lo6 cpmlpmol ends, and the strands were separated on a 5% nondenaturing acrylamide gel. For primer extension the same fragment was cut with Sacll, and the 35 nucleotide primer (Figure 3A , positions 351 to 385) was isolated on a 6.5% denaturing acrylamide gel. Sl analysis was as described by Weaver and Weissmann (1979) using 10 ug poly(A)+ RNA from scrapie-infected hamster brain, at 40DC. For primer extension, primer (3 fmol) was hybridized to 2 pg poly(A)+ RNA from scrapie-infected hamster brain or IO ug yeast carrier RNA for 12 hr at 35OC in 10 pl 80% FAHB (0.04 M Pipes, pH 6.4; 0.4 M NaCI; 1 mM EDTA in 80% formamide). Reverse transcription was done in 20 ul 50 mM Tris-HCI (pH 8.3) 30 mM KCI, 8 mM MgCIz, 8 mM DTT 0.5 mM of each dNTR and 10 units reverse transcriptase (Boehringer). The samples were incubated successively at room temperature for 30 min, 42OC for 1 hr and 48OC for 1 hr.
In Vitro Transcription Supercoiled pSPrP-7.1 (I ug) was incubated with 25 ul HeLa cell nuclear extract (a gift of M. Aebi and H. Hornig) in 50 pl final volume as described by Dignam et al. (1983) . After 60 min 50 9120 mM Tris-HCI (pH 7.5) 10 mM MgCI, and 2 pg RNAase-free pancreatic DNAase were added, and the incubation was continued for 15 min at 3oOC. The RNA was purified by proteinase K digestion, phenol extraction, and ethanol precipitation and was Sl-mapped with the probe described above.
